Subramanian VS, Subramanya SB, Ghosal A, Said HM. Chronic alcohol feeding inhibits physiological and molecular parameters of intestinal and renal riboflavin transport. Am J Physiol Cell Physiol 305: C539 -C546, 2013. First published June 26, 2013 doi:10.1152 doi:10. /ajpcell.00089.2013 (riboflavin, RF) is essential for normal human health. Mammals obtain RF from exogenous sources via intestinal absorption and prevent its urinary loss by reabsorption in the kidneys. Both of these absorptive events are carrier-mediated and involve specific RF transporters (RFVTs). Chronic alcohol consumption in humans is associated with a high prevalence of RF deficiency and suboptimal levels, but little is known about the effect of chronic alcohol exposure on physiological and molecular parameters of the intestinal and renal RF transport events. We addressed these issues using rats chronically fed an alcohol liquid diet and pair-fed controls as a model. The results showed that chronic alcohol feeding significantly inhibits carrier-mediated RF transport across the intestinal brush-border and basolateral membrane domains of the polarized enterocytes. This inhibition was associated with a parallel reduction in the expression of the rat RFVT-1 and -3 at the protein, mRNA, and heterogeneous nuclear RNA (hnRNA) levels. Chronic alcohol feeding also caused a significant inhibition in RF uptake in the colon. Similarly, a significant inhibition in carriermediated RF transport across the renal brush-border and basolateral membrane domains was observed, which again was associated with a significant reduction in the level of expression of RFVT-1 and -3 at the protein, mRNA, and hnRNA levels. These findings demonstrate that chronic alcohol exposure impairs both intestinal absorption and renal reabsorption processes of RF and that these effects are, at least in part, mediated via transcriptional mechanism(s) involving the slc52a1 and slc52a3 genes. riboflavin transporter-1; riboflavin transporter-3; intestinal transport; renal transport VITAMIN B 2 (riboflavin, RF) is an indispensable micronutrient for normal cellular functions, growth, and development. In its coenzyme forms, i.e., riboflavin 5-phosphate and flavin adenosine dinucleotide, the vitamin plays a key metabolic role in the transfer of electrons in biological oxidation-reduction reactions involving carbohydrate, lipid, and amino acid metabolism, as well as in the conversion of vitamin B 6 and folate to their active forms (5, 31). Recent studies have also demonstrated a role for RF in protein folding in the endoplasmic reticulum (40). RF deficiency leads to serious clinical abnormalities that include degenerative changes in the nervous system, anemia, growth retardation, skin lesions, and an increase in the susceptibility to carcinogens (5, 25, 31) . In contrast to the negative effects of RF deficiency, RF supplementation/optimization appears to have the potential of protecting vital tissues from ischemia-induced oxidative injury (3), and is effective in the treatment of patients with RF-responsive multiple acyl-CoA dehydrogenase deficiency (16, 19) .
riboflavin transporter-1; riboflavin transporter-3; intestinal transport; renal transport VITAMIN B 2 (riboflavin, RF) is an indispensable micronutrient for normal cellular functions, growth, and development. In its coenzyme forms, i.e., riboflavin 5-phosphate and flavin adenosine dinucleotide, the vitamin plays a key metabolic role in the transfer of electrons in biological oxidation-reduction reactions involving carbohydrate, lipid, and amino acid metabolism, as well as in the conversion of vitamin B 6 and folate to their active forms (5, 31) . Recent studies have also demonstrated a role for RF in protein folding in the endoplasmic reticulum (40) . RF deficiency leads to serious clinical abnormalities that include degenerative changes in the nervous system, anemia, growth retardation, skin lesions, and an increase in the susceptibility to carcinogens (5, 25, 31) . In contrast to the negative effects of RF deficiency, RF supplementation/optimization appears to have the potential of protecting vital tissues from ischemia-induced oxidative injury (3) , and is effective in the treatment of patients with RF-responsive multiple acyl-CoA dehydrogenase deficiency (16, 19) .
Mammals obtain RF from exogenous sources, since they lack the ability for de novo synthesis of the vitamin. Two such sources are available to the intestine: a dietary source (absorbed in the small intestine) and a bacterial source where the vitamin is produced by the normal microflora of the large intestine (absorbed in the region of the gut) (11, 12, 34) . Being the point of entry into the body compartment, the intestine therefore plays an important role in regulating normal RF body level. The other major player in regulating RF body homeostasis is the kidney, since it controls the exit point (urinary losses) of the vitamin from the body via its reabsorptive function of the filtered vitamin.
Previous studies from our laboratory and others have characterized both the intestinal (including colonic) and renal RF transport processes and found these events to be mediated via a regulated and specific carrier-mediated mechanism (15, 23, 28 -30, 42, 43) . These studies have shown that RF transport across both membrane domains of the polarized intestinal and renal epithelia cells, i.e., transport across the brush-border and the basolateral membrane domains (BBM and BLM, respectively), is carrier-mediated. Molecular identity of the systems involved in these transport events have also been clarified in recent years following the cloning of three RF transport systems from mammalian tissues, i.e., riboflavin transporter-1, -2, and -3 (RFVT-1, -2, and -3; products of the SLC52A1, SLC52A2, and SLC52A3 genes, respectively) (8, 41, 44, 45) . Significant expression of RFVT-1 and -3 has been demonstrated in intestinal and renal epithelial cells, with expression of the RFVT-3 protein being exclusively localized at the apical BBM domain and that of RFVT-1 being predominantly localized at the BLM domain of these polarized epithelia (8, 35, 36) .
Studies have reported high prevalence (ranges between 15 and 50%) of RF deficiency and suboptimal levels in patients with chronic alcoholism (4, 7, 9, 17, 22, 24, 27) . Some of these cases were associated with clear clinical signs of deficiency that are manifested in the form of cheilosis and glossitis (7, 9) . Because both the intestine and the kidney play key roles in maintaining and regulating RF body homeostasis, a negative effect of chronic exposure to alcohol on intestinal absorption and renal RF reabsorption may contribute toward the development of low RF levels. Very little, however, is known about the possible effect of chronic alcohol feeding on physiological and molecular parameters of intestinal and renal RF transport events. We addressed this issue using an established rat model chronically fed the Liber-Decarli alcohol-liquid diet. Our results show that chronic alcohol feeding leads to a significant inhibition in RF transport events across the jejunal and renal BBM and BLM; it is also associated with a significant inhibition in RF uptake in the colon. Furthermore, the data suggest that this inhibition is mediated, at least in part, at the level of transcription of the slc52a1 and slc52a3 genes.
MATERIALS AND METHODS

Materials
[ 3 H]RF (specific activity 21.2 Ci/mmol; radiochemical purity Ͼ97%) was purchased from American Radiolabel (St. Louis, MO). Nitrocellulose filters (0.45 m pore size) were purchased from Millipore (Fisher Scientific). Unlabeled RF and other chemicals, including molecular biology reagents, were from commercial sources. Oligonucleotide primers (Table 1 ) used in this study were synthesized by Sigma Genosys (Woodland, TX).
Animals and Alcohol Feeding
Male Wistar rats (Charles River, Wilmington, MA) were used in this study, as described by us previously (38) . The experimental protocol was approved by the animal use committees of the Veterans Affairs Medical Center at Long Beach, CA, and the University of Southern California, Los Angeles, CA. Rats were fed Lieber-Decarli (20) ethanol-liquid diet (which provides 36% of total calories from ethanol) (Bio-Serv, Frenchtown, NJ); control rats were pair-fed the same liquid diet but without ethanol (maltose-dextrin replaced ethanol isocalorically) as described before (38) . Rats were killed after 4 wk of chronic alcohol feeding, the jejunum and kidneys were removed, and brush-border membrane vesicles (BBMV) and basolateral membrane vesicles (BLMV) were isolated as described below (28, 29, 33, 42, 43) . A portion of tissue from both the jejunum and kidney was stored in Trizol (Invitrogen, Carlsbad, CA) at Ϫ80°C for RFVT-1 and -3 mRNA and heterogeneous nuclear RNA (hnRNA) expression studies.
Isolation of BBMV and BLMVs from Rat Jejunal and Kidney Tissues and [ 3 H]RF Uptake
Alcohol-fed rats and their pair-fed controls (two each) were killed with ketamine and xylazine, their jejunum and kidneys were removed, and BBMV and BLMV were isolated following well-established procedures from our laboratory and by others (28, 29, 33, 42, 43) . These freshly isolated jejunal and kidney cortex BBMVs and BLMVs were preloaded with a buffer of 280 mM mannitol and 20 mM HEPES at pH 7.4. RF uptake studies were carried out by incubating vesicles (10 s; at 37°C; initial rate) in a buffer of 100 mM NaCl, 80 mM mannitol, and 20 mM HEPES, pH 7.4, and in the presence of labeled 0.5 Ci (240 nM) [ 3 H]RF or in the presence of both unlabeled RF (1 mM) and labeled 0.5 Ci (240 nM) [ 3 H]RF using a rapid-filtration method (10) .
Rat Colonic Sheets Preparation and [ 3 H]RF Uptake
Colons from chronically alcohol-fed rats and their pair-fed controls were removed and flushed with ice-cold saline. 
Western Blotting
Western blotting was performed on purified BBMV and BLMV proteins. Eighty micrograms of either jejunal or renal BBMV and BLMV proteins isolated from the respective organs of alcohol-fed and control pair-fed rats were separated using 4 -12% premade Bis-Tris minigel (Invitrogen). Gel-separated proteins were electroblotted onto polyvinylidene difluoride membrane (Bio-Rad) and then blocked with blocking solution (LI-COR Bioscience, Lincoln, NE) at room temperature for 1 h. The blocked membranes were then probed either with rat RFVT-3 (Santa Cruz) or RFVT-1 (Sigma) specific polyclonal antibodies (raised in rabbits) along with ␤-actin monoclonal antibody (raised in mouse)/GAPDH antibody (raised in rabbits) (Santa Cruz). The specific immunoreactive bands for rat (r) RFVT-3 and rRFVT-1 were determined as described recently (37, 38) , and the respective bands were quantified using LI-COR Odyssey software.
cDNA Synthesis and Real-Time PCR
RNA isolated from the jejunum and kidney cortex of alcohol-fed rats and their pair-fed controls were used for real-time PCR analysis after DNase I (Invitrogen) treatment. cDNA was synthesized from total RNA by using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA), and quantitative PCR was performed using rat RFVT-3 and -1 and ␤-actin primers ( Table 1) . The conditions for real-time RT-PCR are 95°C for 3 min, 95°C for 15 s, 58°C for 15 s, and 72°C for 15 s, 40 cycles. The data were normalized to rat ␤-actin and then quantified using a relative relationship method (Bio-Rad) (21) .
hnRNA Analysis
Rate of hnRNA transcription (the first product of gene transcription) reflects the rate of gene transcription of many genes, including vitamin transporter genes (1, 6, 13, 37) . We determined the level of rat RFVT-3 and -1 hnRNA expression in rat intestine and kidney cortex using cDNA synthesized from RNA, gene-specific primers that anneal to sequences in the intron/exon boundaries (Table 1) , and semiquantitative PCR conditions as described before (6, 37) for the alcohol-fed rats and their pair-fed controls. The amplified PCR products were then run on agarose gel, and the specific bands were quantified using UN-SCAN-IT gel-digitizing software (Silk Scientific, Orem, UT).
Statistics
Transport data on carrier-mediated RF uptake in rat intestinal and renal BBMV and BLMV are means Ϯ SE of multiple separate determinations from multiple rats and are expressed as the percentage relative to simultaneously performed controls. Carrier-mediated RF uptake was determined by subtracting uptake in the presence of 1 mM unlabeled RF from the uptake in its absence. Student's t-test was used for statistical analysis, and P Ͻ 0.05 was considered statistically significant. Protein, mRNA, and hnRNA experiments were measured on at least three separate occasions using different sample preparations.
RESULTS
Effect of Chronic Alcohol Feeding on Physiological and Molecular Parameters of Intestinal RF Absorption Process
Effect on physiological parameters of RF transport across jejunal BBM and BLM domains of the polarized rat intestinal epithelia. Figure 1A depicts the results of the effect of chronic alcohol feeding (4 wk) on carrier-mediated RF transport across the rat jejunal BBM. The study was done using purified BBMV isolated as described in MATERIALS AND METHODS. The results showed a significant (P Ͻ 0.01) inhibition in the initial rate of carrier-mediated RF (240 nM) uptake by intestinal BBMV isolated from rats fed alcohol chronically compared with uptake by BBMV isolated from the jejunum of their pair-fed controls (Fig. 1A) .
We also examined the effect of chronic alcohol feeding on carrier-mediated RF transport across rat jejunal BLM using purified jejunal BLMV. The results showed a significant (P Ͻ 0.01) inhibition on the initial rate of carrier-mediated RF (240 nM) uptake by jejunal BLMV of rats fed alcohol chronically compared with membrane vesicles from pair-fed controls (Fig. 1B) .
These findings clearly show that both transmembrane components of the intestinal RF transepithelial absorptive events are negatively impacted by chronic alcohol exposure.
Effect on molecular parameters of RF transport in rat jejunum. The RFVT-3 protein is expressed exclusively at the apical BBM of polarized intestinal (and renal) epithelial cells and plays a predominant role in RF transport across that membrane domain (8, 35, 36) . On the other hand, RFVT-1 is the predominant RF transporter expressed at the BLM domain of intestinal (and renal) epithelial cells (35, 36) . Thus, to examine the effect of chronic alcohol feeding on the level of expression of the RFVT-3 and RFVT-1 proteins, purified BBM and BLM preparations were analyzed by Western blotting. Rat specific anti-RFVT-3 and -RFVT-1 polyclonal antibodies were employed in these investigations. The results showed a significantly (P Ͻ 0.01 for both rRFVT-3 and rRFVT-1) lower level Intestinal BBMV (A) and BLMV (B) proteins (80 g) were isolated from chronic alcohol-fed rats (4 wk) and their pair-fed controls, and Western blotting was performed. BBMV and BLMV proteins were separated on NuPAGE 4 -12% mini gel and electroblotted onto polyvinylidene difluoride (PVDF) membrane. Blots were incubated with rabbit polyclonal anti-RFVT-3 and -RFVT-1 primary antibodies and detected as described (37, 38) . Samples were normalized relative to ␤-actin protein expression. Data are means Ϯ SE of 3 separate samples from multiple sets of rats. *P Ͻ 0.01. of expression of rRFVT-3 and rRFVT-1 proteins in jejunal BBM and BLM of rats chronically fed alcohol compared with their pair-fed controls (Fig. 2) .
Next, we examined the effect of chronic alcohol feeding on the level of expression of rRFVT-3 and rRFVT-1 mRNA in rat jejunal mucosa; data were compared with the level of message expression of these transporters in pair-fed controls. The results showed a significant decrease in the level of expression of both the rRFVT-3 (P Ͻ 0.01) and rRFVT-1 (P Ͻ 0.05) mRNA in jejunal mucosa of alcohol-fed rats compared with controls (Fig. 3) .
Because the level of hnRNA reflects the rate of transcription of the particular gene (a measure that has been used for such a purpose in a variety of investigations; see Refs. 1, 6, 13, and 37), we also examined the effect of chronic alcohol feeding on the level of expression of rRFVT-3 (Slc52a3) and rRFVT-1 (Slc52a1) hnRNA in rat jejunal mucosa. The results showed a significantly (P Ͻ 0.05 for RFVT-3 and P Ͻ 0.01 for RFVT-1) lower level of expression of the RFVT-3 and RFVT-1 hnRNA in alcohol-fed rats compared with their pair-fed controls (Fig. 4, A and B) . These findings suggest that the inhibition in rat intestinal RF uptake by chronic alcohol feeding is, at least in part, being exerted at the level of transcription of the Slc52a3 and Slc52a1 genes.
Effect on RF uptake in rat colon (large intestine).
Previous studies have shown that the normal microflora of the large intestine synthesizes RF (11, 31) and that mammalian colonocytes have an efficient carrier-mediated mechanism for RF uptake via RF transporter (39) . Therefore, we examined the effect of chronic alcohol feeding on the initial rate of carriermediated RF (24 nM) uptake by rat colon using colonic sheets. The results showed a significant (P Ͻ 0.01) inhibition in carrier-mediated RF uptake by colonic sheets from alcohol-fed rats compared with their pair-fed controls (Fig. 5) . These results suggest that not only absorption of dietary RF in the small intestine is affected by chronic exposure to alcohol but also the absorption of the bacterially synthesized RF in the large intestine.
Effect of Chronic Alcohol Feeding on Physiological and Molecular Parameters of the Renal RF Reabsorption Process
Effect on physiological parameters of RF transport across the BBM and BLM domains of the polarized rat renal epithelia. Figure 6A depicts the results on the effect of chronic alcohol feeding on carrier-mediated RF transport across rat renal BBM. The study was performed using purified renal BBMV. The results showed a significant (P Ͻ 0.01) inhibition of the initial rate of carrier-mediated RF (240 nM) uptake by vesicles Effect of chronic alcohol feeding of rats on rat (r) RFVT-3 and rRFVT-1 mRNA expression in rat jejunal mucosa. Real-time PCR was performed using rRFVT-3 and rRFVT-1 gene-specific primers (Table 1) and normalized relative to rat ␤-actin. Data are means Ϯ SE of 3-5 separate samples from 3-5 rats. *P Ͻ 0.01 and **P Ͻ 0.05. Semiquantitative RT-PCR was performed using rat RFVT-3, RFVT-1, and ␤-actin hnRNA gene-specific primers (Table 1) . Data are means Ϯ SE of 4 -6 separate samples from 4 -6 rats. *P Ͻ 0.01 and **P Ͻ 0.05.
isolated from rats fed alcohol chronically (4 wk) compared with those of pair-fed controls.
We also examined the effect of chronic alcohol feeding on carrier-mediated RF transport across rat renal BLM using purified BLMV. The results again showed a significant (P Ͻ 0.02) inhibition of the initial rate of carrier-mediated RF (240 nM) uptake by jejunal BLMV of rats fed alcohol chronically for 4 wk compared with membrane vesicles isolated from pair-fed controls (Fig. 6B) .
Effect on molecular parameters of renal RF transport. The effect of chronic alcohol feeding on the level of expression of the RFVT-3 and RFVT-1 proteins was examined by means of Western blotting using purified renal BBM and BLM preparations, respectively. The results showed a significantly (P Ͻ 0.01 for both) lower level of expression of rRFVT-3 and rRFVT-1 proteins in rats chronically fed alcohol compared with their pair-fed controls (Fig. 7) . Figure 8 shows the effect of chronic alcohol feeding on the level of expression of rRFVT-3 and rRFVT-1 mRNA in rat kidney cortex. As can be seen, chronic alcohol feeding led to a significant (P Ͻ 0.01 for both) reduction in the level of expression of rRFVT-3 and rRFVT-1 mRNA in the kidney of alcohol-fed rats compared with their pair-fed controls (Fig. 8) . In other studies, we examined the effect of chronic alcohol feeding on the level of expression of rRFVT-3 (Slc52a3) and rRFVT-1 (Slc52a1) hnRNA in rat kidney cortex to determine if such exposure to ethanol affects the transcriptional level of the relevant genes. The results showed a significant (P Ͻ 0.03 for both) decrease in the level of expression of rRFVT-3 and rRFVT-1 hnRNA in the kidneys of alcohol-fed rats compared with pair-fed controls (Fig. 9, A and B, respectively) . These results suggest that the inhibition in renal RF uptake by chronic alcohol feeding is (at least in part) being exerted at the level of transcription of the Slc52a3 and Slc52a1 genes.
DISCUSSION
Chronic alcohol consumption in humans is associated with a high prevalence of RF deficiency and suboptimal levels (4, 7, 9, 17, 22, 24, 27) . Little is known on whether impairment in intestinal absorption and renal reabsorption processes of the vitamin contributes to the development of these abnormalities. Because the intestine is the site that controls the entry of RF into the body compartment, and the kidney is the site that controls the degree of its loss, a negative effect of chronic alcohol exposure on these two important steps may contribute to the development of RF deficiency and suboptimal levels in chronic alcoholism. We investigated this issue in the current study using a well-established alcohol-fed rat model by examining the effect of chronic alcohol feeding on physiological and molecular parameters of intestinal and renal RF transport events. Our results showed that chronic exposure to alcohol leads to impairments in physiological and molecular parameters of intestinal and colonic RF absorption processes. Similarly, RF transport across the renal BBM and BLM was also compromised.
Our findings show that chronic exposure to alcohol leads to significant inhibition in carrier-mediated RF uptake across both the intestinal BBM and the BLM domains. This inhibition was associated with a significant reduction in the level of expression of the predominant BBM RF transporter, i.e., rRFVT-3, and the BLM RF transporter, i.e., rRFVT-1, at the protein and mRNA levels in alcohol-fed rats compared with their pair-fed controls. The latter finding suggests possible involvement of transcriptional mechanism in mediating, at least part of, the inhibitory effect. In support of the latter suggestion was the finding that the level of expression of hnRNA (an indicator for gene transcription rate) Scl52a3 (the gene that encodes RFVT-3) and Slc52a1 (the gene that encodes RFVT-1) is also significantly inhibited upon chronic exposure of rats to alcohol.
Not only RF transport in the small intestine (site of absorption of dietary RF) is inhibited by chronic exposure to ethanol, but also transport of the vitamin in the colon (the site of absorption of the bacterially synthesized RF) (12, 34, 39 Effect of chronic alcohol feeding of rats on RFVT-3 and RFVT-1 hnRNA expression in rat kidney cortex. Semiquantitative RT-PCR was performed using rRFVT-3, rRFVT-1, and r␤-actin hnRNA gene-specific primers (Table 1) . Data are means Ϯ SE of 4 separate samples from 4 rats. *P Ͻ 0.03. (Table 1 ) and normalized relative to rat ␤-actin. Data are means Ϯ SE of 4 separate samples from 4 rats. *P Ͻ 0.01.
similarly affected. These findings suggest that chronic alcohol exposure can compromise the bioavailability of RF from both of its exogenous sources (i.e., the dietary and the bacterial sources). It is relevant to mention here that, while the majority of ingested alcohol is absorbed in the proximal part of the gastrointestinal tract, alcohol could also reach the colon from the blood side (26) . Also, colonic bacteria convert ethanol to its more toxic metabolite, acetaldehyde (26) , and colonic mucosa has low levels of alcohol dehydrogenase (32) . Thus, the observed inhibition in colonic RF uptake on chronic alcohol exposure could be due to the combined effects of alcohol and its metabolite, acetaldehyde.
As to RF transport across the renal BBM and BLM, chronic alcohol exposure was also found to lead to a significant inhibition in both of these transport events. This inhibition was again associated with a parallel reduction in expression of RFVT-1 and RFVT-3 at the protein, mRNA, and hnRNA levels, which again suggests that at least part of the inhibitory effect is mediated at the level of transcription of the Scl52a3 and Slc52a1 genes.
While our data suggest the involvement of transcriptional mechanism(s) in the inhibitory effect of chronic alcohol feeding on intestinal and renal RF transport, they do not exclude the possibility that part of the effect is also mediated via changes in RNA stability of the involved transporters; further studies are required to address the latter issue. Also, our findings on the inhibition in RF intestinal and renal transport events by chronic alcohol exposure are in contrast to the induction in the activity/ expression of other transporters and channels (2, 14, 18, 46) . In summary, our data in the current study show that chronic alcohol exposure leads to impairment in the two important steps involved in the regulation of normal RF body homeostasis, i.e., the entry step at the level of the intestine and the exit step at the level of the kidneys. Furthermore, this inhibition appears to be, at least in part, mediated via transcriptional mechanisms involving the Scl52a3 and Slc52a1 genes.
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